The Abadan Plain Basin is located in the Middle East region which is host to some of the world's largest oil and gas fields around the Persian Gulf. This basin is a foredeep basin to the southwest of the Zagros Fold-Thrust-Belt, bounded along its northern and eastern margins by the Dezful Embayment. Most of the rocks in this basin have been deposited in a carbonate environment, and existing fractures have made the formations a favourable place for hydrocarbon accumulations. The basin is enriched by oil and, therefore, gas reservoirs are few, and some of the explored reservoirs exhibit significant degrees of overpressure. This paper has compiled several aspects of the Abadan Plain Basin tectonics, structural geology and petroleum systems to provide a better understanding of the opportunities and risks of development activities in this region. In addition to the existing knowledge, this paper provides a basin-wide examination of pore pressure, vertical stress, temperature gradient, and wellbore stability issues.
Introduction
Zagros foreland sediments and surrounding basins in the Middle East are host to some of the world's greatest oil and gas accumulations [1] [2] [3] . The conditions that facilitated the formation of oil and gas traps in this region include extensive folding along the Zagros Orogeny and a lack of metamorphic activities [4] [5] [6] [7] [8] . The Abadan Plain Basin, located at the north-western corner of the Persian Gulf (Figure 1 ), is one of the most prolific hydrocarbon basins in this region and is also one of the first regions in the Middle East from which oil was commercially produced. Carbonate sedimentation is a common characteristic of the late Carboniferous to Miocene sequences of this region which are dominated by carbonate sedimentation on a broad platform. Hydrocarbon traps in the shallow-marine, carbonate-dominated basin of the Abadan Plain have been formed in pre-Zagros Orogeny structures, and then deformed and geometrically controlled by the Cretaceous tectonics such as Arabia-Eurasia plate collision [9] . Zagros Orogeny, and its associated folding as a result of Arabia-Eurasia plate collision, comprise a large proportion of the hydrocarbon accumulations of the Middle East region, the world's richest hydrocarbon habitat [10] . In this region, gas plays are mainly formed in some of the Permian-Triassic platform successions' mega-sequences [11] , while the main petroleum sources and reservoir rocks have been formed in those of the Jurassic to the present [12] [13] [14] . 
Geological Setting of the Abadan Plain Basin
The Abadan Plain Basin is located in the area covering the southwest of Iran, southeast of Iraq, and west offshore of Kuwait. It is a foredeep basin to the southwest of the Zagros Fold-Thrust-Belt (ZFTB), located at the outer edge of the Zagros deformation front and adjacent to the Persian GulfMesopotamian foreland basin ( Figure 2 ; [19, 20] ) that was affected during the Miocene and Pliocene era [21] . The Zagros orogeny has begun in the middle Maastrichtian [19] and has led to formation of the Zagros Thrust Front in mid-Miocene [21] . The first commercial oil production in the Middle East was from the Dezful Embayment, immediately adjacent to the Abadan Plain Basin, which was commissioned in 1908 and is still producing today [15] . Hydrocarbon exploration within the Abadan Plain Basin commenced in 1948 in the Iraqi side of the basin [16] , and in 1964 on the Iranian side [17] . At the time of writing, the Abadan Plain Basin contains over 20 producing hydrocarbon fields, with the majority of fields located onshore in the middle and northern parts of the basin, but with some also located offshore ( Figure 1 ). Major reservoir formations of this basin include the Asmari, Sarvak, Gadvan and Fahliyan formations. However, there are still numerous uncertainties about the geology of the Abadan Plain Basin, and the area is known for numerous drilling risks such as its difficulty to predict high magnitude pore pressures [18] , all of which need to be addressed for the basin to reach its full potential production rate of over 1 million barrels per day.
This study aims to provide a detailed summary of the geology of the Abadan Plain Basin, with particular focus on the region's stratigraphic and tectonic framework, and to explain how these components have resulted in the formation of a petroleum province of global importance. This study further reviews the tectonic development of the basin, ranging from large plate-scale processes down to small scale processes that have resulted in the formation and charging of structural traps. As an addition to the existing knowledge about this basin, some of its unique characteristics such as pore pressure, temperature gradient, overburden stresses, and wellbore stability issues are herein examined.
This study will first review the geological setting of the basin and its relationship and key differences with other major petroleum provinces in Iran, Iraq and the Arabian Plate. We then describe the stratigraphy of the Abadan Plain Basin, including identifying how the depositional environment has changed over time, as well as identifying key reservoir and seal formations. Then the tectonic history of the basin and surrounding areas are reviewed, which is followed by an examination of the overburden stresses and observed overpressures. Finally, Hydrocarbon geochemistry of several reservoir formations in this basin is explained to better describe the type of reservoirs and the potential production of the basin.
The Abadan Plain Basin is located in the area covering the southwest of Iran, southeast of Iraq, and west offshore of Kuwait. It is a foredeep basin to the southwest of the Zagros Fold-Thrust-Belt (ZFTB), located at the outer edge of the Zagros deformation front and adjacent to the Persian Gulf-Mesopotamian foreland basin (Figure 2 ; [19, 20] ) that was affected during the Miocene and Pliocene era [21] . The Zagros orogeny has begun in the middle Maastrichtian [19] and has led to formation of the Zagros Thrust Front in mid-Miocene [21] .
This basin is bounded along its northern and eastern margin by the Dezful Embayment ( Figure 2 ). It extends into Iraq at its northern end and into the Persian Gulf to the south (Figure 2) . A wider area has also been defined by Moallemi and Kermanshah [22] for this basin which covers almost all areas of Kuwait and northern Persian Gulf extending towards Saudi Arabia. There are some similarities between the geological structures (such as depth to basement and trend of anticlines) in such wider areas, as will be discussed later. However, the narrower definition, as an area between the Zagros Deformation Front and west of the Iran-Iraq border is accepted here. There is currently no agreement on the southern boundary of this basin. To define the area extent, we looked for structural trend similarities in the region, and found some trends. As such, the basin is believed to be extended towards the northern margin of the Persian Gulf, covering some of the offshore fields as well (Figure 2 ; [9, 23] ). The north-west end of the Persian Gulf is often considered as a part of the Abadan Plain Basin [9, 23] , and due to hydrodynamic connections between some structures on both sides of the border, this definition of the basin covers a narrow margin in the south of Iraq (Figure 2 ). area has also been defined by Moallemi and Kermanshah [22] for this basin which covers almost all areas of Kuwait and northern Persian Gulf extending towards Saudi Arabia. There are some similarities between the geological structures (such as depth to basement and trend of anticlines) in such wider areas, as will be discussed later. However, the narrower definition, as an area between the Zagros Deformation Front and west of the Iran-Iraq border is accepted here. There is currently no agreement on the southern boundary of this basin. To define the area extent, we looked for structural trend similarities in the region, and found some trends. As such, the basin is believed to be extended towards the northern margin of the Persian Gulf, covering some of the offshore fields as well (Figure 2 ; [9, 23] ). The north-west end of the Persian Gulf is often considered as a part of the Abadan Plain Basin [9, 23] , and due to hydrodynamic connections between some structures on both sides of the border, this definition of the basin covers a narrow margin in the south of Iraq (Figure 2 ).
There are a few independent studies on the structures of the Abadan Plain Basin, while this basin was generally considered through studies of the Zagros Fold-Thrust-Belt or in conjunction with the Dezful Embayment in particular. The geology of this basin is primarily controlled by the Zagros Orogeny, and is associated with the collision between the Arabian and Eurasian Plates. Therefore, geological explanation of the Abadan Plain comes from a comprehensive study of such collisionalrelated tectonics. The lack of unique investigation of the Abadan Plain Basin has become one of the drivers to study more attributes of a basin that is one of the region's most prolific hydrocarbon environments. There are a few independent studies on the structures of the Abadan Plain Basin, while this basin was generally considered through studies of the Zagros Fold-Thrust-Belt or in conjunction with the Dezful Embayment in particular. The geology of this basin is primarily controlled by the Zagros Orogeny, and is associated with the collision between the Arabian and Eurasian Plates. Therefore, geological explanation of the Abadan Plain comes from a comprehensive study of such collisional-related tectonics. The lack of unique investigation of the Abadan Plain Basin has become one of the drivers to study more attributes of a basin that is one of the region's most prolific hydrocarbon environments.
According to British Petroleum [25] , the Middle East is the host to nearly 48% of the world's proven conventional oil reserves and 43% of world's proven conventional gas reserves. A vast majority of these reserves (and almost all of the giant fields) are placed on the Arabian plate or across the Zagros folded area. Some specific conditions that gave rise to the current basin could be noted as [26] The southern part of Eurasia, that includes Iran, is often considered to have been a stable block which was affected by only gentle epeirogenic movements, Zagros Fold-Thrust-Belt, throughout the Palaeozoic [27] . As such, the Abadan Plain Basin has different attributes from the Zagros Fold-Thrust-Belt, such as less seismicity and lack of anticlinal expressions at the surface. Moreover, the majority of anticlines in the Abadan Plain Basin have N-S oriented axes, similar to the structures in Kuwait, north of Persian Gulf and northeast of Saudi Arabia [28] , while those in the Zagros area are primarily oriented NW to SE due to plate collision.
Abadan Plain Basin Stratigraphy
The majority of the sediments in the Middle East are marine sequences deposited in the Tethys marine environment. The Hormuz salt formation lies immediately above the Pan-African basement and is extensive over the entire region. Jurassic to Permian deposits consist of three types of evaporites, carbonates and shales, while sandstone and conglomerates are present in the older horizons. From Eocene to Cretaceous, deposits are several combinations of carbonate and clay/shales with minor sandstone interlayers. Shallow marine to non-marine deposits (present to Oligocene) mainly consist of sandstone, conglomerates and evaporites. There are a few outcrops of deep formations in the Abadan Plain Basin and the surface in this region mostly consists of Quaternary alluvial deposits [29] .
Several clay type formations, as well as evaporites, provide a sealing for some underlying reservoirs that host significant hydrocarbon accumulations. Furthermore, despite the tectonic activity of the Zagros Orogeny, the Abadan Plain Basin has experienced less topographical deformation and more erosion than the main Zagros Orogenic Belt [9, 19] . Around the deformation front, depth to the basement steadily increases from SW to NE with its maximum in the Dezful Embayment, then decreases afterwards, which is in accordance with the concept of lithospheric flexure (the crustal thickening as a result of mountain belt evolution).
A number of compartmentalized complex reservoirs both vertically and laterally, as a result of structural activity and subsequent depositional and post-depositional parameter interplay were evident in the Abadan Plain Basin [30] .The depositional environment of the Dezful Embayment and Abadan Plain Basin can be classified into four distinct areas [9, 19] . According to this classification, all sediments later than the Upper Cretaceous are in the marine and continental foreland group, while the underlying explored hydrocarbon bearing formations are considered part of the passive continental margin group. Formations beyond the Fahliyan Formation, grouped in continental rifting, have not been explored in this basin, but exhibit commercial gas accumulations in the Fars area of the Persian Gulf region. A schematic diagram of this classification is shown in Figure 3 . Different names for the same formation are used in the three countries of which the Abadan Plain Basin covers some parts. However, for simplicity, and since the majority of the basin is in Iran, Iranian names for the formations are used hereinafter. the Abadan Plain Basin covers some parts. However, for simplicity, and since the majority of the basin is in Iran, Iranian names for the formations are used hereinafter. The entire range of formations that are currently producing oil and gas have been deposited during the Cretaceous to Pliocene era. In further details, Motiei [31] summarizes main depositional events of this region as below, that is generally in compliance with that of Murris [10] . The entire range of formations that are currently producing oil and gas have been deposited during the Cretaceous to Pliocene era. In further details, Motiei [31] summarizes main depositional events of this region as below, that is generally in compliance with that of Murris [10] . Cretaceous in which the Garau shale has been deposited in Northern parts of the Dezful Embayment. Concurrently, Fahliyan and Darian formations were deposited in a shallow marine environment. Ghorbani [26] believes that the Fahliyan, Gadvan and Dariyan formations were all deposited in the trough conditions. The origin of sediments of the Gadvan Formation were from the erosion of the Arabian Shield outcrops in the Arabian Peninsula and Fars region [31] . (6) Middle Cretaceous: During the Albian-Cenomanian, the Fars platform was uplifted, but with concurrent sea level rise in adjacent areas. Erosional features are frequent prior to, and during, the Turonian. The Sarvak Formation was deposited before the erosion in the Cenomanian. while the Gurpi and Pabdeh formations, comprised of shale and carbonates, were deposited in a shallow marine to supratidal environment. (9) Oligocene-Miocene: Prior to this time, sea level started falling and the region was exposed to the erosion. There was a narrow trough in the region, in which Oligocene deposits accumulated. After a primary rise, there has been a sea level fall that continues until the present-day.
Regional Tectonic History
The tectonic system of the Abadan Plain Basin has not been well studied and, despite the significant differences discussed previously, is often considered as a non-folded zone bounded by the Zagros deformation front to the north and east and Arabian Plat to south; thus it was mostly studied in conjunction with structures in the Zagros and the Arabian Plate. Several cross sections over the ZFTB have been published which vary in placement and coverage area. Only a few reaches the verge of, or pass through, the Abadan Plain Basin [9, 11, 19, 27, [32] [33] [34] . One of the best descriptive cross sections is provided by Abdollahie Fard, et al. [9] , which highlights the thrust-related structures in the Dezful Embayment and gentle flexures of the Abadan Plain. Unlike NW-SE trends of the Dezful Embayment and Zagros area, the Abadan Plain Basin has more of N-S structures which is similar to the Arabian Plate, and also has some tilted structures that differ from the structural trends of the Arabian Plate. That makes this basin a transition zone between the abovementioned major regional tectonic settings. This basin is also tectonically distinguishable from adjacent areas due to the fact that major geological features (i.e., faults) that are abundant in the fold area are not frequent here. There is a unique shortening trend in the thickness of formations from NE to SW, which highlights the region's present day stress regime [35] .
Major N-S trending Paleohighs in the Abadan Plain Basin are basement-cored complex horsts [30] that encompass some of the major oil fields in this region. Severe weathering has eroded parts of such structures, whilst the alluvial sediments cover most of the areas and the structures are explored by geophysical data.
The majority of deep-seated anticlines in Cretaceous and older units in the Abadan Plain Basin and Dezful Embayment are upright and symmetrical [9] . In the Abadan Plain Basin, the structural trend extends to the basement which, when considering the existence of a steep fault in the core of anticlines, indicates the possible impact of basement on faulting [9] . The dominant trend of structural closure in this basin in the onshore oilfields is N-S oriented, which becomes NE to SW oriented in the offshore fields. However, the N-S trending structures in the Arabian Plate seems to have originated as a result of the Precambrian time Amar collision between 620-640 Ma [36] .
Main structures of this basin are generated by differential compaction affected by reactivation of structural lineaments [30] that have made structural traps of compactional type (drape structures) [37] . The movement of the Afro-Arabia plate towards the Eurasia Plate during the Cretaceous, and subsequent closure of the Tethyan Ocean [27, 38, 39] , have been followed by the continent-continent collision of the Zagros Orogen. Sarkarinejad and Azizi [40] suggest that Zagros Thrust System has resulted in triclinic dextral transpression in an inclined, obliquely convergent thrust wedge, although Saadatinejad and Sarkarinejad [41] noted the key role of extension, expressed by normal faulting and asymmetric grabens. As a matter of fact, the oceanic crust is still subsiding under the Iranian plate along the Oman Subduction Zone [9] .
The Tethys Ocean was closed by the time of Oligocene-Miocene epochs, and the rapid shift in sedimentation towards more detritic facies marks the passage from passive margin to foreland basin conditions [42] . Hafkenscheid, et al. [43] interpreted the positive velocity anomalies imaged by seismic tomography as the subducted Tethyan lithosphere.
In fact, the main tectonic attribute in this region is the Arabian-Eurasian collision, and based on the time of the collision, the regional depositional history has been divided into several periods (Figure 4) . The exact time of the Arabia-Eurasia plate collision initiation is not clear and a wide range of times has been proposed. The most accepted timeframe for the collision is late Cretaceous, after the ophiolite obduction [39, [44] [45] [46] [47] that was followed by the Zagros Orogeny that started in the Middle Maastrichtian [19] . However, Mouthereau, et al. [48] identified three stages of the collision in younger deposits: initiation, crustal thickening and uplift/deformation which took place at 35 Ma, 25 Ma and 15-12 Ma respectively. It is notable that the Arabian-Eurasian plate convergence, and the resulting folding, is currently a tectonically-active area [27, 34, [49] [50] [51] [52] [53] [54] [55] [56] . Possible movement of the Arabian plate towards Eurasia was estimated between 300 and 500 km since the initial collision [57] . Falcon [27] suggests that sediments, which deposited after the south-westerly migration of belts of synorogenic basin development in the Zagros Orogeny, came from the north-east and were from local uplifts. Agard, et al [21] outlined the following period/regimes as the main attributes and geodynamics of the Zagros Orogeny, which they demonstrated is largely governed by subduction processes:
(1) Mid to late Cretaceous time (115-85 Ma) corresponds to a distinctive period of perturbation of subduction processes and inter-plate mechanical coupling marked by blueschist exhumation and upper plate fragmentation; (2) Paleocene-Eocene time (60-40 Ma) witnesses slab break-off, major shifts in arc magmatism and distributed extension within the upper plate; (3) From the Oligocene time onwards (30 ± 5 Ma to present), collision develops with a progressive SW migration of deformation and topographic build-up, and is accompanied by a second, late Miocene slab break-off (~10 Ma to present).
The main structures in the Abadan Plain Basin are parts of broader assemblages that include the Arabian Platform and Iran Micro-plate. The East Arabian Block limits the southern extension of the Abadan Plain Basin. Although different trends of the structures in the Arabian plate exist, the N-S trend is dominant in the centre and west of Arabia while the NE to SW trend is prevalent in the eastern parts of the plate. Zagros structure at the north and NE edge of the plate is expressed as several sets of thrusts and folds in a NW-SE orientation [19] .
The platform on which the Abadan Plain Basin is located shares some attributes with the Arabian platform. Abdollahie Fard, et al. [9] , based on Sattarzadeh, et al. [58] , characterised three main basement-involved deep-seated trends in the Abadan Plain Basin: NE-SW, N-S and NW-SE. Furthermore, according to a series of geological attributes, such as seismic activity, magnetic imprints, gravity anomalies, and reactivation of younger exposed structures, Alavi [19] identified some reactivated pre-Zagros structures in the basement of the ZFTB. He classified reactivated structures into three main groups, attributed to three major geotectonic events, which have affected the Afro-Arabian Plate: N-S trend, NW-SE trend, and NE-SW trend. This is consistent with Abdollahie Fard, et al.'s [9] classification of the basement. The basement-involved horst system of N-S structures is predominant in this region. This trend is attributed to the Pan-African orogeny, or Pan-African structural grain, which has been superimposed by the Zagros fold near the Zagros Deformational Front [9] , and seems to be following the trend of the Neoproterozoic orogenic belt with magnetic anomalies indicated by Johnson and Stewart [59] on the Arabian Plate.
From a broad perspective, tectonic plate movement and the resulting closure of the Neotethys Ocean were the principal drivers for most strata deformations in central and southern Iran, Iraq, and the Persian Gulf region. Although the region remains under a compressional stress regime and several active faults play a significant role in surface deformations across the Zagros structure, major geological features such as faults are rare in the Abadan Plain Basin. Figure 5 represents the seismic event map of the ZFTB and northern Arabia. The earthquakes are notably distributed along the major faults, while the magnitude of the seismic events is significantly higher along the faults. The depth and magnitude of earthquakes decrease in a SW direction (from ZFTB towards Arabia, including the Abadan Plain Basin). The seismic events in the Abadan Plain area are distinctively less frequent and smaller in magnitude than those of the ZFTB.
The majority of the formations containing oil and gas accumulation either deposited by the time of the Arabian-Eurasia collision and deformed as a consequence, or deposited during the continuous collision and experienced some degree of deformation.
event map of the ZFTB and northern Arabia. The earthquakes are notably distributed along the major faults, while the magnitude of the seismic events is significantly higher along the faults. The depth and magnitude of earthquakes decrease in a SW direction (from ZFTB towards Arabia, including the Abadan Plain Basin). The seismic events in the Abadan Plain area are distinctively less frequent and smaller in magnitude than those of the ZFTB. [60] . Tectonic structures are from Reference [19] . The intensity of seismic events in the Abadan Plain Basin is lower than those of in the Zagros area. [60] . Tectonic structures are from Reference [19] . The intensity of seismic events in the Abadan Plain Basin is lower than those of in the Zagros area.
Overburden in the Abadan Plain Basin
Vertical stress of some wells of this basin were examined that vary between 22.5 MPa/km (~1 psi/ft) at the southernmost part of the study area and 25.5 MPa/Km (~1.13 psi/ft) in the middle of the basin (Figure 6 ). Similar ranges of overburden to the Abadan Plain Basin have been observed in sedimentary basins of SE Asia such as Brunei [61, 62] . In the Abadan Plain Basin, the difference between vertical stresses is greater at shallower depths and remarkably less at deeper parts of the wells. A south to north decreasing trend of σ v is observed in this basin which suggests the role of the Zagros Deformation on the magnitude of vertical stress. Such trend suggests the effect of the Zagros Orogeny (binding northern border of the basin) on the vertical stress. In this region, Eurasia-Arabia plate collision has resulted in thrust tectonics, associated with shortening and thickening of the strata along the direction of collision. The formations of the northern fields under the influence of the Zagros Orogeny are more folded than the southern parts of the basin, and hence are characterised with extensive fractures. In the light of a relatively narrow range of σ v variation in this basin, compaction of deposits is identified as the primary cause of the variation in the sediment densities and associated differences in the vertical stress. Tectonic forces and the structure of the anticlines are secondary phenomena affecting the formation densities.
along the direction of collision. The formations of the northern fields under the influence of the Zagros Orogeny are more folded than the southern parts of the basin, and hence are characterised with extensive fractures. In the light of a relatively narrow range of σv variation in this basin, compaction of deposits is identified as the primary cause of the variation in the sediment densities and associated differences in the vertical stress. Tectonic forces and the structure of the anticlines are secondary phenomena affecting the formation densities. Lithology column is from Reference [9] .
Pore Pressure in the Abadan Plain Basin
The majority of shallow formations in the Abadan Plain Basin are in a good hydrodynamic link to the surface and thus are normally pressured. According to the fluid density and salinity, the hydrostatic pore pressure gradient is 10 MPa/km (0.465 psi/ft) in this region, and any values more than that a considered as overpressure. Among the Cretaceous to present day deposits, two horizons are identified with abnormally high pore pressure in this basin and are explained below.
The formation top of the shallower overpressured horizon (the Gachsaran Formation) varies from around 1000 m at the southern end of the basin where the formation is normally pressured to nearly 1500 m deep at its north where pore pressure goes beyond the hydrostatic gradient. The formation becomes deeper and thicker towards the north-east, as it approaches the ZFTB. Sequences 
The formation top of the shallower overpressured horizon (the Gachsaran Formation) varies from around 1000 m at the southern end of the basin where the formation is normally pressured to nearly 1500 m deep at its north where pore pressure goes beyond the hydrostatic gradient. The formation becomes deeper and thicker towards the north-east, as it approaches the ZFTB. Sequences at the north have undergone extensive foldings along the Zagros structure and become thicker as a result of planar shortening. Pore pressure in the Gachsaran Formation also follows a similar trend to the depth of burial and thickness. The formation is highly ovepressured in areas closer to the Zagros Front Fault, and is normally pressured at southern parts of the basin.
The deeper observed overpressured horizon forms the seal or cap rock to the underlying Fahliyan Formation that is occasionally hydrocarbon bearing. Both of these formations exhibit significant degrees of overpressure. The Gadvan Formation, while becoming thicker, gets deeper to the north-east. Similar to the Gachsaran Formation, thickening behaviour of the Gadvan shale is interpreted as a result of crustal deformation at the vicinity of the Zagros Structure. However, unlike the Gachsaran, the Gadvan and Fahliyan formations are consistently overpressured across the basin. Similarly, there is a zone of anomaly in the temperature gradient at the depth of the Gadvan and Fahliyan formations which agrees with the pressure regime as a result of a sealing condition (Figure 7) . The Gadvan and Fahliyan formations exhibited different degrees of overpressure. The pore pressure tends to decrease at the bottom of the Fahliyan Formation, which creates additional complexity to the hydrology of the basin [30] . Similar to some other areas of the Zagros Structure [63] , overpressure is often encountered in carbonate formations where none of the standard porosity responses to overpressure are observed, and thus, pore pressure is hard to predict. Among several mechanisms identified as the origin of overpressures in this area, disequilibrium compaction is the dominant mechanism while clay dehydration within the deeper source rocks could have triggered the overpressuring and later been transferred to the overlying reservoir rocks [30] . An overview of reported stuck tool incidents from some wells, as a proxy indicator of wellbore instability issues, highlights some of the difficulties in drilling and completing wells in the Abadan Plain Basin (Figure 8a ). The observed events are categorised into being either in normally pressured or overpressured sequences. Tool stuck issues happen in shallow formations, but most issues occur in the Lower Cretaceous and older deposits (Figure 8b ). Formations are significantly shalier at depths between 3200 to 4000 m, and hence the observed wellbore instability in these deeper zones may be related to weaker mechanical strengths in these shale deposits or to the presence of swelling shales. However, tool stuck incidents at 4000 m depth and beyond are in the carbonate rocks, and seem to be a result of high pore pressure which reduces the effective stress and drilling mud overbalance. Nevertheless, wellbore instability was most common in the sequences equivalent to the Gadvan and Fahliyan formations. In the light of the frequency of wellbore stability issues (Figure 8b ), major concerns for the overpressured formations are also highlighted and provide a useful clue for the casing and completion design of future wells. This should be noted in any attempt in deeper drilling operations, hydraulic fracturing or any other enhanced oil recovery (EOR) plans.
be a result of high pore pressure which reduces the effective stress and drilling mud overbalance. Nevertheless, wellbore instability was most common in the sequences equivalent to the Gadvan and Fahliyan formations. In the light of the frequency of wellbore stability issues (Figure 8b) , major concerns for the overpressured formations are also highlighted and provide a useful clue for the casing and completion design of future wells. This should be noted in any attempt in deeper drilling operations, hydraulic fracturing or any other enhanced oil recovery (EOR) plans. 
Summary of Hydrocarbon Geochemistry
Most of the hydrocarbon in the Abadan Plain Basin have accumulated in the reservoir rocks further a lateral migration from underlying source rocks. According to Pitman, et al. [64] , oil accumulations in the source rocks have been generated in the Late Cretaceous with its peak expulsion in the Late Miocene and Pliocene eras as a result of depocenter expansion of such intrashelf basins along the Zagros foredeep trend. Vertical migration has been identified as the dominant pathway of hydrocarbon charging from source rocks in local intrashelf basins during the Late Cretaceous through the middle Miocene era, whereas other fields could have charged when compression-related traps were being formed [64] . The main reservoirs in this basin are the Fahliyan, Khalij and Zubeir members of the Gadvan Formation and Sandstone members of the Kazhdumi Formation (Burgan Sand), Sarvak, Ilam, and Asmari formations. Cap rocks mostly consisted of overlain argillaceous beds, with an exception of the evaporitic Gachsaran Formation that is a cap rock of the Asmari reservoir.
Analyzing oil samples from different reservoirs of the Abadan Plain Basin by Alizadeh, et al. [23] reveals that low concentrations of normal alkane (ranging 6-18) contribute to the relatively high values of C17/C27 (ranging 3.8-6.21), suggesting that hydrocarbons were derived from marine organic matter [65, 66] . Chemical attributes of the oil samples also indicate the conditions in which the sediments were deposited. The Carbon Preference Index (CPI) ranges between 0.94 and 0.99, which indicates a carbonate depositional environment according to Moldowan, et al. [67] . CPI values 
Analyzing oil samples from different reservoirs of the Abadan Plain Basin by Alizadeh, et al. [23] reveals that low concentrations of normal alkane (ranging 6-18) contribute to the relatively high values of C17/C27 (ranging 3.8-6.21), suggesting that hydrocarbons were derived from marine organic matter [65, 66] . Chemical attributes of the oil samples also indicate the conditions in which the sediments were deposited. The Carbon Preference Index (CPI) ranges between 0.94 and 0.99, which indicates a carbonate depositional environment according to Moldowan, et al. [67] . CPI values combined with relatively low magnitudes of Pristane/Phytane (Pr/Ph ranging 0.36-0.5) indicate an anoxic paleo-environment [68] . Furthermore, a higher presence of C29 steranes in the samples (39.1-42.2) can be an indication of an organic-rich depositional environment [69] . However, the origin of dibenzothiophene is a sign of the interaction of hydrogen sulphide or polysultides with an organic substrate [70] , and therefore, dibenzothiophene/phenanthrene versus Pr/Ph suggests a sulfur-rich marine and lacustrine depositional environment. Concurrently, high abundance of C21 and C22 pregnanes is a key indicator of a hypersaline depositional environment, and further indicates that the oil formed in association with carbonate rocks [71, 72] . Alizadeh, et al. [23] showed that the presence of C21 and C22 pregnanes is predominantly controlled by environmental and source factors such as lithology, marine organic matter and salinity. Therefore, identified the depositional environment of the oil source in the Abadan Plain Basin as an anoxic marine carbonate environment with free H 2 S.
In the Abadan Plain Basin, the Pabdeh Formation charges the Asmari reservoir, the Kazhdumi Formation charges the Sarvak reservoir, and the Garau Formation charges the Fahliyan reservoir. The Gadvan formation is an exception, as it has both reservoir and seal attributes (is a reservoir in some areas and acts as the cap rock in the other regions) which marks the uppermost boundary of overpressures. It is mainly a seal formation, but in some areas has a producible accumulation of hydrocarbon, which is capped by shale layers at the top of the formation. Similarly, the Kazhdumi Formation has been identified with both source and reservoir rock properties in nearby areas, but is mainly reported as a source rock in this basin. Pabdeh, Kazhdumi and Gadvan source rocks are in the oil expulsion phase, and the Garau Formation source rock is currently at the beginning of gas expulsion [18] . According to the oil samples tested by Alizadeh, et al. [23] , the Lower Cretaceous (Kazhdumi, Gadvan and Fahliyan) reservoirs have higher thermal maturity (higher API and lower concentration of aromatics) than shallower reservoirs. Hence, it is expected that while the formations become tighter (low porosity and permeability) with increasing depth, deeper explorations would be expected to encounter natural gas or light oil hydrocarbons. In the very first attempt of deeper exploration, hydrocarbon was traced in the Fahliyan Formation. However, due to low permeability, which resulted in low rates of fluid extraction and difficulties to complete the well at depths beyond 4000 m, this formation was considered a non-economic horizon in some areas. Recently, with further geochemical and basin analysis, the potential of the Garau source rock and its possible pathway to charge the Fahliyan Formation have been proven [18] , and subsequently operators have become interested in exploration and production from this formation and its prospects beneath.
There is another prospect beyond the depth interval of this research that includes Carboniferous/Permian source rocks, and accumulations in the Dehram Formation (Permian period), with the source rock possibly at the gas expulsion phase; hence, it is an interesting subject for further explorations. Similarly, the hydrocarbon expulsion capability of the Silurian shales has been identified [73] [74] [75] [76] [77] [78] , and therefore, the Devonian sandstone may also be considered as a potential reservoir rock [23, 76, 79] and could be a possible target for further explorations.
Conclusions
The Abadan Plain Basin is a foredeep basin to the southwest of the Zagros Fold-Thrust-Belt, bounded along its northern and eastern margin by the Dezful Embayment (and further to the Zagros Deformation Front), which extends into Iraq at its northern end, and into the Persian Gulf to the south. Appropriate geometric and timing arrangements of the source rock, reservoir and sealing cap rock, along with a proper deposition in an organic-reach marine environment since the Jurassic, have resulted in the provision of remarkable accumulations of hydrocarbon in this region. Although the geological structures of this basin are oriented similar to the structures of the Arabian Plate, some of their attributes are similar to those of the Dezful Embayment and Zagros Fold-Thrust-Belt; thus this basin seems to be a transition zone between two major structural settings. Geological structures are also significantly affected by the Arabia-Eurasia plate collision and along with continuous deposition in a marine environment, lack of post-collision metamorphic or intense tectonic activities, and adequate placement of source and cap rocks, created ideal conditions for hydrocarbon accumulation. Furthermore, the existence of likely significant deeper source rock and permeable formations suggests a high likelihood of exploration success in formations deeper than those currently targeted for production. However, further explorations in this basin encounter a major challenge of several overpressured sequences in the carbonate formations, which represent a significant drilling safety hazard, as well as being associated with expensive non-productive time due to wellbore instability issues. Overpressures in this basin are mainly generated by disequilibrium compaction that is developed by clay dehydration and lateral transfer from deeper source rocks.
